Biological and molecular features of the relationships between Diadromus pulchellus ascovirus, a parasitoid hymenopteran wasp (Diadromus pulchellus) and its lepidopteran host, Acrolepiopsis assectella 
Introduction
Many species of larval endoparasitoid wasps belonging to the hymenopteran families Braconidae and Ichneumonidae contain virus-like particles in their reproductive systems. Some of them are polydnaviruses (Stoltz & Whitfield, 1992) . These particles replicate in the oviducts, at the base of the ovaries (in a special structure called the calyx), and are transmitted to each host insect at oviposition. They inhibit the immune system and stop the development of the parasitized host (Fleming, 1992) . Particles of other virus types, including members of the Ascoviridae, Baculoviridae, Rhabdoviridae, Reoviridae, Poxviridae and filamentous viruses, have been found in the female reproductive system and\or in the poison glands of parasitoid wasps (Brook, 1993 ; Lawrence & Akin, 1990 ; Maazouz, 1991 ; Stoltz & Whitfield, 1992 ; Whitfield, 1990) . These infectious and pathogenic viruses are transmitted from host to host by the ovipositor. Although the relationship between the polyAuthor for correspondence : Yves Bigot.
Fax j33 2 47 36 69 66. e-mail Bigot!univ-tours.fr D. pulchellus in A. assectella. Cell lysis due to amplification of the virus does not prevent the development of the hymenopteran larva. Virus amplification appears to be slower in nymphs parasitized by D. pulchellus than in nymphs artificially infected with DpAV alone. Lysis of the nymphal cells due to viral replication seems to be synchronous with egg hatching and the development of the hymenopteran larva. The features of DpAV and its relationship with the parasitoid wasp D. pulchellus during its development are compared to those of the ichnoviruses.
dnaviruses and parasitoid wasps is well understood, the impact of the other types of virus on the parasitoid strategy or the biology of the wasps is unknown.
The hymenopteran Diadromus pulchellus (Ichneumonidae) is an endoparasitoid of the nymphal instar of the leek-moth, Acrolepiopsis assectella (Lepidoptera). Two types of virus are transmitted to the host during oviposition by the parasitoid. They are found in all imagoes in natural populations of D. pulchellus. The first is a member of the Reoviridae (DpRV) which is located mainly in the wasp gut and to a lesser extent in the venom glands (Bigot et al., 1995 ; Rabouille et al., 1994 a, b) . Virions purified from female wasps contain a supernumerary genomic segment which is lacking in virions purified from males. DpRV is transmitted at oviposition and is detected in the host, unamplified, for several days post-infection (p.i.).
The second virus is D. pulchellus ascovirus [DpAV (accompanying paper : Bigot et al., 1997) ]. Members of a recently discovered group of viruses, the Ascoviridae, cause chronic and fatal diseases in the larvae of Lepidoptera infected with a species of Noctuidae (Federici et al., 1991 ; Federici, 1993) . These viruses are large (130i400 nm), enveloped, allantoid to reniform or bacilliform in shape, with a complex symmetry. The virions contain at least 12 polypeptides and have a linear double-stranded DNA about 130-180 kbp long. The pathology of ascovirus disease is marked by a milky-white discolouration of the larvae, which is due to the accumulation of numerous virion-containing vesicles. Cytopathology begins with hypertrophy of the infected cell nucleus and invaginations of the nuclear membrane. The nuclear membrane becomes fragmented and sheets of the cytoplasmic membrane assemble throughout the cell and coalesce, partitioning the cell into clusters of vesicles. The vesicles then dissociate from each other and accumulate in the tissues, which are disrupted as the disease progresses (Federici et al., 1991) . Ascoviruses are less infectious when they are ingested than they are when inoculated with a pin or by hymenopteran ovipositing stings (Govindarajan & Federici, 1990) . The viruses also prevent the complete development of the hymenopteran Cotesia margiventris larva when inoculated into the host (Spodoptera frugiperda) at the time of parasitism.
DpAV virions have the standard features of the ascovirus group ; each particle is about 220 nm long and 150 nm wide. Its genome is about 116 kb and has a circular and relaxed structure. However, the flattened rice grain shape and fragility of the DpAV particles are somewhat different from the known ascoviruses infecting Noctuidae species (Bigot et al., 1997) . The present report completes the description of the biological features of DpAV. This virus was found in all the tissues of male and female wasps sampled from an Antibes (southern France) wasp population and from the laboratory strain. Relatively few viral particles were present in the genitalia of the female wasp and these were transmitted into the lepidopteran host during oviposition, then amplified in the host. Cell lysis due to virus replication seems to be synchronous with egg hatching and the development of the hymenopteran larva. DpAV can infect other hymenopteran species parasitizing A. assectella ; however, in these cases very rapid virus amplification in cells of the lepidopteran host prevents the development of the hymenopteran larvae. The life cycle of DpAV suggests that it may act as a symbiotic virus of D. pulchellus and is needed to regulate the development of its host, A. assectella.
Methods
Materials. D. pulchellus is a solitary hymenopteran endoparasitoid of the leek-moth, A. assectella (Lepidoptera), which infects Allium species. The hymenopteran strain used in these experiments was bred in bulk on host pupae following the technique of Lecomte & Thibout (1984) . Briefly, the parasitoid wasps were reared in cages at 25 mC, 60p10 % relative humidity (RH) during the 16 h light period, and at 15 mC, 70p10 % RH during the 8 h dark period. Twenty-four-hour-old pupae of A. assectella were presented to Diadromus females each day for oviposition. The host strain was from standard stock bred in the laboratory (Auger & Thibout, 1983) . The hymenopteran strain was established from imago wasps harvested in the Antibes locality (southern France). Twenty-five males were collected in sterile tubes from Antibes populations in September 1990 and 1991 to check for the presence of DpAV in natural populations. These experiments allowed us to check that the DpAV in our laboratory strain was not due to random infection. Samples were preserved as described in Laulier et al. (1995) .
Fractionation of genitalia extracts from D. pulchellus female wasps. The genitalia (ovaries, oviducts, vagina and glands) from about 1000 D. pulchellus females were removed and homogenized in distilled water containing 0n1 mM PMSF. The homogenate was filtered through glass wool and then centrifuged at 4 mC for 10 min at 2000 g. The resulting supernatant fraction was layered onto a two-layer (20-40 % w\w) sucrose gradient in distilled water and centrifuged at 4 mC for 1 h in a TST41-14 rotor (Kontron) at 72 000 g. The fraction deposited on the 40 % sucrose band was collected, diluted fivefold with distilled water and centrifuged at 4 mC for 1 h at 110 000 g. The pellet was resuspended in distilled water and the purified fraction was plated onto carbon-coated grids for transmission electron microscopy (TEM).
Virus transmission by inoculation. The biological conservation, the rate of infectivity of purified DpAV virus and the presence of DpAV in tissues were assayed by infecting healthy A. assectella nymphs with sterile glass pins dipped in dilutions of purified DpAV virus or tissue extract. About 0n1 to 0n2 µl was injected into each nymph. The nymphs were then incubated under breeding conditions for 4 days. DpAV infection was checked by hybridizing squash-blots of infected nymphs (Anxolabe! he ' re et al., 1988) with virus probes or by gel electrophoresis of total DNA from each infected nymph digested with restriction enzymes.
Nucleic acid analysis. DNA preparation, digestion with restriction enzymes, dot-blots and Southern blots were performed as described in Bigot et al. (1990) and Laulier et al. (1995) . Hymenopteran eggs or larvae were removed by dissection and total DNA from parasitized hosts was prepared. The probes were labelled with [α-$#P]dATP (Amersham) by primer extension using Klenow DNA polymerase (Boehringer Mannheim). Hybridizations were done in 0n75 M NaCl, 0n075 M trisodium citrate (5iSSC), 0n2 % BSA, 0n2 % polyvinylpyrrolidone, 0n5 % SDS and incubated overnight at 65 mC. The final washing was done with 0n1% SDS at 65 mC ; salt stringency varied with the SSC concentration. Hybridized filters were autoradiographed with Fuji RX films at k80 mC.
Pulsed-field gel electrophoresis (PFGE).
This was done using a CHEF-DRII PFGE system following the manufacturer's instructions (Bio-Rad). Gels contained 1 % agarose and 0n5iTBE (1iTBE is 89 mM Tris, 89 mM boric acid, 25 mM EDTA, pH 8n3). Nuclei from wasp imagoes were isolated by sedimentation on a dense solution of sucrose (Marzluff & Huang, 1984) . Genomic DNA was digested in agarose blocks (Wagner et al., 1991) . PFGE was performed at 200 V, 14 mC with 50 s pulses for 17 h to separate 50-650 kb fragments, and at 180 V, 14 mC with 5 s pulses for 12 h for the 5-250 kb fragments. Gels were stained with ethidium bromide (EB) and blotted on Hybond-Nj membranes (Amersham).
Detection of the DpAV genome by PCR. Two fragments, one of 440 bp from the DpAV 694 bp Pst I fragment and another of 900 bp from the 939 bp SmaI fragment (accession numbers X85002 and X85005), were amplified in the same PCR tube using the paired primers 5h GGGAAACCGTGGGCATCAT 3h\5h GAATACGGCTCGCAGAAC-GC 3h and 5h ACACCCAGCCATCCACGTTA 3h\5h CTCTGTCACC-ACTACTCCTC 3h. Each PCR was performed on 50-100 ng total DNA from each wasp tested. The hymenopteran DNA was dissolved in 10 mM Tris-HCl (pH 9), 1n5 mM MgCl # , 50 mM KCl, 0n1 % Triton X-100, with 150 µM each of dATP, dCTP, dGTP and dTTP (per 0n1 µM of the first primer pair, and per 0n25 µM of the second primer pair) in a 100 µl BBFA DpAV : host-vector relationships DpAV : host-vector relationships TEM. Entire lepidopteran nymphs or abdomens, or specific organs from wasps (gut, genitalia or venom glands) from 1 to 5-day-old imagoes were dissected in insect Ringer's solution and the pieces placed in modified Karnovsky's fixative at 4 mC (McDowell & Trump, 1976) . Fixed tissues were stored in 1-butanol for several days, dehydrated in an ethanol series and embedded in Epon resin. Ultra-thin sections (0n2 µm) were cut and contrasted with uranyl acetate and lead citrate. Carboncoated grids were floated on a drop of virus suspension or haemolymph, stained by floating on uranyl acetate for 1 min, dried and examined by TEM.
Light microscopy (LM).
The above fixing, storing and dehydration protocol was used. Fixed tissues were infiltrated with Technovit 8100 resin (Heraus Kulzer) for 6-10 h and embedded at 4 mC. Cut sections (5 µm) were placed on slides and stained with 4h,6-diamidino-2-phenylindole (DAPI), Feulgen or Masson-Goldner trichrome (Martoja & Martoja-Pierson, 1967) . For DAPI staining, slides were incubated for 5 min in 1 % DAPI, 0n1 % Triton X-100, washed twice in distilled water and examined under UV light using a Nikon UV1A filter.
Results

Molecular evidence for the presence of DpAV in the D. pulchellus-A. assectella system
Five small fragments of the DpAV genome from PstI-(617, 694 and 738 bp ; EMBL accession numbers X85001-X85003) and SmaI-(737 and 939 bp ; EMBL accession numbers X85004 and X85005) digested DNA (Bigot et al., 1997) were used as probes on Southern blots of PstI-and SmaI-digested DNA of healthy and 4-day-old parasitized nymphs ( Fig. 1 a, lanes 3-6) . The probes did not hybridize to total DNA digests from uninfected nymphs, indicating that the viral genome was absent from healthy hosts. This was confirmed by the absence of amplified fragments from PCR using internal primers of the 694 bp Pst I and the 939 bp SmaI fragments (data not shown). The same fragments were used as probes on Southern blots of digested total DNA from male and female D. pulchellus wasp imagoes (for example Fig. 1 a, lanes 1 and 2, with the 738 bp PstI fragment as probe). The results showed that the probe hybridized to fragments with similar restriction patterns and sizes. Similar results were obtained by PFGE analyses on purified nuclei from female and male wasps. These data indicated that the DpAV genome was present in nuclear DNA from wasps of both sexes ( Fig. 1 b, lanes 2 and 3) . NotI digests showed that the DpAV genome in the wasp nuclei was 116 kb long, as described for the viral DNA purified from parasitized host nymphs (accompanying paper : Bigot et al., 1997) . The presence of the DpAV genome in wasp tissues was confirmed by dot-blot hybridization of total DNA preparations from head, thorax or abdomen regions of male and female imagoes (Fig. 2 a) . The five viral probes hybridized to all DNA preparations, with the strongest hybidization intensity to the total DNA from the female abdomen. Liquid scintillation counts of each hybridized DNA spot from the dot-blots (Bigot et al., 1990) showed that the extract of genomic DNA from the female abdomen contained five to ten times more DpAV genome than the other samples. These data indicated that the DpAV genome was present in all wasp imagoes, with the highest concentrations being in the abdominal tissues of the female. However, comparison of hybridization intensities, on dot-blots and on Southern blots (Fig. 1) , with those obtained using DNA extracts from parasitized nymphs, indicated that there was little DpAV genome present in the wasp tissues. The absence of the DpAV genome from healthy A. assectella nymphs indicated that DpAV is probably transmitted at DpAV : host-vector relationships DpAV : host-vector relationships oviposition by the wasp to its lepidopteran host, suggesting that DpAV virions are present in the genitalia of the female wasp.
DpAV in the genitalia of female D. pulchellus
Virgin female wasps kept for 4 days after their emergence were dissected and the crushed genitalia from individuals were assayed by infecting healthy A. assectella nymphs with sterile glass pins dipped in the crushed genitalia. Total DNA, purified from each inoculated host nymph 3 days p.i., was digested with restriction enzymes and separated on agarose gels. The results showed large amounts of DpAV genome in each inoculated nymph (data not shown) indicating that infectious DpAV virions were present in the female genitalia of D. pulchellus.
The fragility of the DpAV particle and the small amount of virus present in the female wasp made it necessary to develop a protocol (use of a 40 % sucrose gradient) for rapid isolation of DpAV particles from the genitalia extract of female wasps. There were no large vesicles containing ascovirus in the 40 % fraction as there were in the haemolymph of 3-day-old parasitized A. assectella nymphs (Bigot et al., 1997) . However, there were small vesicles about 1n75 µm long and 0n5 to 1n5 µm across (Fig. 2 b, c) . These contained five to ten allantoid-shaped multilayered particles (Fig. 2 b) about 250 nm long and 150 nm across, which could have been partially degraded ascoviruslike particles. However, the fragility of the DpAV particles made it difficult to establish clear conclusions as previously indicated (Bigot et al., 1997) .
Transverse and longitudinal sections of the genitalia of D. pulchellus females were examined under LM and TEM. Sections stained with DAPI or Feulgen methods showed no DNA-rich secretion in the lumen of the lateral oviducts, the main oviduct or the venom glands. A similar result was obtained by TEM. However, there were a few virion-like structures in the oviducts. About two or three virion-like structures per oviduct section could be attributed to DpAV. Regions in the oviducts or venom glands containing cells with large nuclei were also examined as putative DpAV particle-secreting cells. There were several such regions in the lateral oviducts (a short calyxlike region is present at the base of the lateral oviducts and contains degenerating trophocytes). However, if DpAV was secreted slowly and in small amounts by the genitalia, the secreting cells need not have hypertrophied nuclei.
In conclusion, infectious DpAV virions were present in the genitalia of female wasps. However, the fragility of the particles and small amounts of virus in this tissue meant that the DpAV virions could not be positively visualized in the genitalia.
DpAV histopathology of the A. assectalla tissues
A large amount of viral DNA was produced in the parasitized nymphs of A. assectella during DpAV infection. The distribution and amount of extranuclear DNA during DpAV development in nymphal tissues was therefore checked by LM studies on transverse sections of healthy and parasitized A. assectella nymphs stained with DAPI (Fig. 3) . The 1n5 to 2-dayold parasitized nymphs contained small amounts of DNA-rich granules in the gut lumen and in the epithelium under the cuticle (Fig. 3 b) which were not present on sections of healthy A. assectella nymphs (Fig. 3 a) . The DNA-rich granules were different in size to the cell nuclei and probably corresponded to the vesicles containing ascovirus described by Bigot et al. (1997) . There were a greater number of granules in the epithelium under the nymphal cuticle, in the gut lumen, and between the gut cells and the epithelium surrounding them, in the 2n5-day-old nymphs after wasp oviposition (Fig. 3 c) . The number of DNA-rich granules continued to increase in the 3-day-old nymphs after wasp oviposition causing the gut and cuticular epithelium cells to lyse (Fig. 3 d, e, f ) . The adipocytes became organized into channels and granules began to appear among them. Lysis of the gut and cuticular epithelium cells was nearly complete 4 days after wasp oviposition and there were many DNA-rich granules throughout the nymphal body and in the haemocytes and adipocytes (Fig. 3 f ) . These observations indicated that the virus developed at different rates in different nymphal tissues. The proliferation of DNA-rich granules also appeared to be synchronous with lysis of the lepidopteran cells.
These observations were confirmed by TEM studies using transverse sections of parasitized nymphs cut 1, 2, 3 and 4 days after wasp oviposition. No further studies could be made after the 4 day instar because of lysis of the A. assectella nymphal tissues and the parasitoid wasp larvae having eaten most of the lepidopteran host tissues. The observations were focused on the cytological changes in the epithelium under the cuticle, gut and adipocytes.
The epithelium located under the cuticle in healthy nymphs consisted of one layer of cells (Fig. 4 a) . This epithelium was separated from the cuticle and the adipocytes by a spongy basal layer. Small vesicles containing DpAV appeared in 1-day-old parasitized nymphs without any other cytological changes. However, the two spongy basal layers had begun to disappear at this instar. The basal layers had disappeared from 2-day-old parasitized nymphs (Fig. 4 b) , whereas the nuclei of epithelial cells contained condensed chromatin. The cell width was twice that of healthy cells and the cytoplasm contained one or more vesicles containing DpAV. Three-day-old parasitized nymphs (Fig. 4 c) had three to four layers of epithelial cells, indicating that active cell division occurred in this infected tissue. There were more vesicles containing virions than in the previous instar, and there was abundant endoplasmic reticulum (ER). Four-day-old parasitized nymphs had four to six layers of epithelial cells and cell contacts seemed to have disappeared ; the number of virions, the size of the vesicles containing DpAV, and the ER had all increased. Host cells were completely lysed after this instar, making section preparation in this region impossible. The gut of the A. assectella nymph has three cell layers. Our studies focused on layers 1 and 3. Layer 3, the gut epithelium, consisted of polarized cells (Fig. 4 e) with microvilli at the apical pole and nuclei at the basal pole. The intervening cytoplasm contained small protein and lipid inclusions and few ER. These cells had lost their cell polarity and cell-to-cell contacts in nymphs parasitized for 1 day, the ER was denser and small vesicles containing DpAV had appeared. The nucleus was dissociated and the small inclusions had disappeared. The 2 day instar (Fig. 4 g ) had these features amplified and the shape and limits of the cells were difficult to identify. The cells were subsequently lysed. The healthy layer 1 cells contained large nuclei and the cytoplasm did not seem to contain any obvious protein or lipid inclusions (Fig. 4 f ) . When these cells were infected by DpAV, the nuclei were completely dissociated and small protein inclusions appeared from the 1 day instar. The cytoplasm in the 2 day instar contained small vesicles containing DpAV, the inclusions were bigger and the cell contacts totally lost. These features developed further during the third and fourth days until cells were dissociated on the fifth day. There was no increase in the amount of ER during DpAV development.
The adipocytes of healthy nymphs were large cells (about 40 µm diameter) containing cytoplasm filled with lipid and ovoid proteinaceous inclusions (Fig. 4 i) . Features of the adipocytes of parasitized nymphs were unchanged up to the 2 day instar. Between the 2-and 4-day-old instars ( Fig. 4 j, k) the nuclei had become dissociated, the protein inclusions had become granulous and lost their ovoid shape, lipid inclusions and cytoplasmic membranes appeared to merge and a few small vesicles containing DpAV appeared. The adipocytes were completely lysed after 5 days leaving free protein and lipid inclusions.
The rate of DpAV production was observed in all these tissues. Their histopathology depended on the particular infected tissues. Features of the virus infection were also different in the nuclei and the vesicles containing DpAV. Most of the nuclei rapidly dissociated, and ring-shaped virogenic stroma were observed until the 3 day instar, in a few of the epithelium cells lying under the cuticle and in the layer 3 gut cells (Fig. 5 a, b ). There were two kinds of vesicles containing DpAV. The vesicles in the epithelial cells lying under the cuticle, adipocytes and layer 2 and 3 gut cells contained a lipid inclusion in the middle of the vesicle (Fig. 5 c) whereas the vesicles containing DpAV in infected layer 1 gut cells had no lipid inclusion (Fig. 5 d ) and the DpAV particles seemed to be organized around a central axis. Sections through the central Fig. 3 . Location of the extranuclear DNA during DpAV development in nymphal tissues of A. assectella. Transverse sections of (a) healthy, (b) 2-, (c) 3-, and (d, e, f) 4-day-old parasitized A. assectella nymphs stained with DAPI and examined under the UV-light microscope using a Nikon UV1A filter. Details are shown of (e) the gut epithelium, and (f ) adipocytes of 4-day-old parasitized nymphs. a, Adipocyte ; e, epithelium ; ec, epithelium located under cuticle ; g, gut ; lg, gut lumen. Black arrows in (a) indicate the lack of DNA-rich granules in the gut. (a, c) Large white arrows indicate the three cell layers in the gut, and small white arrows indicate the gut lumen. (b, d, e, f ) . Small white arrows indicate DNA-rich granules. Bars correspond to (a, b) 500 µm; (c, d) 50 µm; (e, f ) 25 µm. part of these vesicles at different angles suggested that DpAV particles were organized around a network of large filaments (30 nm diameter) and fine filaments (7 nm diameter) (Fig. 5 e, f ) .
All the tissues of nymphs artificially infected with purified DpAV particles were lysed in 24 to 36 h, instead of the 96 h required for parasitized nymphs. This indicated that DpAV was rapidly amplified in artificially infected nymphs not parasitized by D. pulchellus. These observations were confirmed by molecular studies which showed that the amount of viral DNA increased faster in the infected nymphs than in the parasitized ones (Fig. 7) .
DpAV in the Antibes natural population
Total DNA extracts from each of the 25 male imagoes collected from the Antibes in September 1990, and from 200 imagoes from an old laboratory strain (1989 strain), were analysed by PCR using primers corresponding to the DpAV 694 bp PstI and the 939 bp SmaI fragments. DpAV was detected in all the imagoes. The imagoes of the 1989 strain all contained the same DpAV genotypes whereas the virions in the natural population showed considerable DNA polymorphism, with at least seven DpAV genotypes present (Delbost, 1993) . Only one imago from the natural population contained the DpAV genotype of the 1989 strain. Therefore, DpAV genotype selection had occurred when the original laboratory strain was established from the natural population. To set up a new laboratory strain (1990 strain), 250 wasp imagoes were harvested in September 1990 (with a sex ratio of 50 %) from the Antibes population. These were bred in axenic conditions on the A. assectella host laboratory strain. Only 49 imagoes were produced in the first wasp generation, which gave a large second generation of over 500 imagoes. The DpAV genotypes of 50 male wasps were checked by Southern blot hybridization or by PCR. All the wasps tested from this second generation contained the same DpAV genotype, which was the same as the one found in the 1989 strain. This experiment was repeated in 1991 and gave similar results.
DpAV infectivity and amplification in different hymenopteran-host systems
Two other Ichneumonidae species were successfully infected with DpAV by breeding on the same nymphal hosts in a common cage (Doury, 1991 (e, f ), gut cell layer 1 (g, h) and adipocytes (i-l). Observations in each tissue correspond to (a, e, f, i) healthy nymphs and (b) 1-, (c, j) 2-, (d, g, h, k) 3-and (l) 4-day-old parasitized A. assectella nymphs. ( f ) shows the locations of gut layers 1 and 2. a, Adipocyte ; ap, apical pole ; c, cuticle ; cy, cytoplasm ; dp, basal pole ; ec, epithelium under cuticle ; er, endoplasmic reticulum ; i, inclusion ; li, lipid inclusion ; m, cytoplasmic membrane ; mi, microvilli ; n, nucleus ; pi, protein inclusion ; sb, spongy basal layer ; va, vesicle containing ascovirus. Bars correspond to (a-g, i, k) 2 µm, (h) 500 nm, (j, l ) 1n5
µm.
BBFI DpAV : host-vector relationships DpAV : host-vector relationships successful parasite development (about 5 % of the parasitized nymphs). However, once DpAV had been acquired by all individuals of the D. collaris laboratory strain, the developmental parasite success rate became similar to that of the D. pulchellus laboratory strain (70-80 % of the parasitized nymphs). This was not the case for I. tunetana as once it had acquired DpAV there was a very high mortality rate of the parasitized host. Very few imagoes were obtained and the strains were lost after one to three generations. The amount of DpAV genome in these species and the rate of DpAV amplification in nymphs parasitized by the three kinds of wasps were studied to determine whether these variations of parasite success were due to the ascovirus. The amount of DpAV genome in each of the three species was estimated by comparing the Southern blot hybridization intensities of similar quantities of total DNA using probes for the hymenopteran nuclear DNA and DpAV. The hybridization band intensities with a single gene or repeated gene probes ( Fig. 6 b, c) were similar, indicating that the genome sizes of these two other Ichneumonidae species are the same as that of D. pulchellus (about 2i10* bp ; Bigot et al., 1991) . The results obtained with the DpAV 939 bp SmaI fragment (Fig. 6 a) indicated that similar amounts of viral genome were present in the two Diadromus species, and that the viral genome concentration was lowest in I. tunetana. DpAV can therefore infect other Ichneumonidae species, but it is amplified in the imagoes at different rates. The small amount of DpAV genome found in I. tunetana suggests that its high rate of failure in parasitic development was not due to the injection of more DpAV into the nymphs at oviposition. The transmission of DpAV during oviposition, and its later amplification in the parasitized host nymphs, was checked. All the events of virus transmission, virus amplification, histopathology and hymenopteran larval development in the DpAV-infected laboratory strain of D. collaris were similar to those of the D. pulchellus laboratory strain. The patterns obtained by electrophoresis of total genomic DNA digests, from healthy nymphs and those parasitized for 1, 2, 3 or 4 days with the DpAV-infected D. pulchellus or D. collaris strains, showed DpAV amplification in the nymphs. The DNA from healthy and 1-and 2-day-old instars gave smear patterns corresponding to the digested genomic DNA of the nymph (Fig. 7 , lanes 2 and 13) but there was not enough DpAV genome in these early instars to be detected by these experiments. DNA from 3-and 4-day-old instars had a smear and a pattern of intensely EB-stained fragments corresponding to the digested DpAV genome (Fig. 7, lanes 3-6) . Similar experiments were performed using total genomic DNA from nymphs parasitized by I. tunetana (Fig. 7, lanes 7 and 8) , stung by I. tunetana without oviposition of the parasitoid (Fig. 7 , lanes 9 and 10) and from nymphs pricked with a sterile or a DpAV-covered glass pin (Fig. 7, lanes 11-13) . The samples from nymphs pricked with a sterile glass pin gave the same result as the healthy nymphs (Fig. 7, lane 13) . All the other samples had large amounts of DpAV genome present, even in the 1-day-old instar ( Fig. 7, lanes 7-10) . These amounts were similar to those in samples from nymphs parasitized by D.
DpAV : host-vector relationships DpAV : host-vector relationships pulchellus and D. collaris for 4 days. Thus, DpAV was amplified faster in the presence of egg and larva from I. tunetana than from individuals of the Diadromus genus. Therefore, amplification of DpAV in the parasitized A. assectella natural populations seems to depend on the hymenopteran vector which transmits it. This suggests that one or more ' Diadromus factors ', which modulate DpAV amplification, are co-injected by the female wasp or are produced by the egg and the larval wasps. These factors are absent from the parasitoid-host system with I. tunetana wasps.
Discussion
The laboratory strain of D. pulchellus causes infection and amplification of the ascovirus DpAV in its host, the lepidopteran A. assectella. DpAV was transmitted to A. assectella host nymphs at each oviposition and was then amplified. Viral particles could be seen when large amounts of virus were present in the cells. Similar results were obtained when DpAV infected the closely related species D. collaris. The amounts of DpAV transmitted at each oviposition were small, as virus was not visibly present in the wasp genitalia. This suggests that only a few DpAV particles are needed for infection of the parasitized nymphs and is supported by the fact that only a few virions need to be inoculated to produce DpAV infection in A. assectella nymphs (Bigot et al., 1997) . The cells producing DpAV in the genitalia of the D. pulchellus female wasps have not yet been located as only small amounts of virus are present and the virus structures are not readily fixed. This infectious virus is similar to another ascovirus, Heliothis virescens ascovirus, which infects Heliothis virescens, Spodoptera frugiperda and Trichoplusia ni (Govindarajan & Federici, 1990) .
All the D. puchellus wasps from the Antibes natural population contained DpAV which showed considerable DNA polymorphism. However, one genotype appeared to be selected and maintained in the laboratory wasp strain. This could be due to the increased fitness of this viral genotype for D. pulchellus breeding conditions on the A. assectella host. The homogeneity of the DpAV genome in the 1990 wasp strain was checked in end-point dilution experiments. DNA extracts from nymphs infected with a single DpAV virion showed exactly the same restriction pattern for all samples (unpublished data).
The cells of the head, thorax and abdomen of D. pulchellus contained DpAV which was transmitted to the nymphs of A. assectella at each oviposition. These features suggest that DpAV is transmitted directly into the egg during its production in the female genital tract, by vertical transmission along the germ-cell line or by infection of the hymenopteran larval instar during consumption of the infected host tissues. Its presence in the Diadromus somatic nuclei of the head and thorax tissues would suggest that it is inherited by vertical transmission. PFGE analyses showed no hybridization between viral probes and wasp chromosomal DNA. This indicates that vertical transmission would occur without integration of the DpAV genome into the wasp chromosomal DNA by maintaining the genome in an episomal form. Similar transovarial or transovum transmission of a virus has been observed for the baculovirus SfNPV in the lepidopteran genus Spodoptera (Fuxa & Richter, 1991 ; Myers & Rothman, 1995) .
These data suggest two interpretations of the relationship between the partners in the D. pulchellus-DpAV-A. assectella system. Firstly, DpAV could be a pathogenic virus of A. assectella nymphs which uses the Ichneumonidae species as a transmission vector. Our results indicate that DpAV blocks the development of parasitoid larva in A. assectella nymphs parasitized by I. tunetana. Similar observations have been made with another ascovirus in the Cotesia margiventris-Spodoptera ascovirus-Spodoptera frugiperda system (Govindarajan & Federici, 1990) . Modulating the rate of DpAV amplification in the nymphs parasitized by D. pulchellus can be a way of helping the hymenopteran to resist the negative effects of the ascovirus on its larval development. However, this does not explain why DpAV-infected D. collaris wasps are able to parasitize the A. assectella nymphs better than uninfected wasps.
The second interpretation is that DpAV is a symbiotic virus that increases the fitness of the Diadromus species to parasitize A. assectella nymphs. Slower DpAV amplification may favour the synchronous lysis of host tissues in response to DpAV amplification with the development of the wasp larva. Eggs hatch 1n5 days after oviposition, then larvae develop until nymphosis at the 5-day-old instar. The gut and cuticular cells are lysed 2-3 days after oviposition, and the adipocytes after 3-4 days. The lysed host tissues are completely ingested by the wasp larva, allowing or perhaps even encouraging its correct development. Thus, a given ascovirus may have unfavourable (I. tunetana) or favourable (Diadromus species) symbiotic effects on the wasp development, depending on the parasitoid hymenopteran-lepidopteran host system. Our histological studies show that DpAV infection modifies the features of lipid and protein inclusions in cells, and preliminary experiments on artificially infected A. assectella nymphs show that DpAV stops the host development and inhibits the monophenoloxidase enzymatic pathway of melanization (which is linked to the eumelanotic encapsulation insect defence system) for the first few hours of infection (unpublished data). These data indicate that DpAV can modulate host metabolism, development and defence systems. Clearly, the nature of these modulators needs to be investigated by microinjections of calibrated solutions of stable purified virus, as done with polydnaviruses (Dushay & Beckage, 1993) . These symbiotic relationships may result in an equilibrium between the use of the ascovirus by the wasp to modulate the physiological functions of the nymphs, and by the use of the hymenopteran by DpAV to maintain itself. The actions of DpAV are the same in the hymenopteran D. collarislepidopteran A. assectella nymph system. DpAV is acquired by Y. Bigot and others Y. Bigot and others D. collaris under laboratory conditions showing that this hymenopteran species has also acquired the ability to modulate ascovirus amplification in the host or that it already had the ability before infection. This control system is, therefore, absent from I. tunetana. These data suggest that a complex relationship between virus and parasitoid wasp may have developed during evolution. The type of virus present in the wasp and interacting in host regulation may, therefore, depend on the parasitoid wasp-host system and on the origin of the wasp.
Another virus group, the ichnoviruses, are also found in the hymenopteran Ichneumonidae species of the Banchinae and Campopleginae sub-families (Stoltz & Whitfield, 1992) . These polydnaviruses have many structural and morphological features in common with the ascoviruses. They may have a common origin or be members of the same virus family (Federici, 1991) . These viruses also have features in common with DpAV in terms of the physiology of host regulation (developmental arrest and modulation of the defence system). The main difference between DpAV and the known ichnoviruses is that DpAV has retained its infectious potential for other Ichneumonidae species and is replicated in the parasitized host. Hence, DpAV might be an ichnovirus with a lower level of ' symbiotic relationship ' than those of the Banchinae and Campopleginae sub-families of Ichneumonidae.
